Abstract: It's difficult to achieve the coordination control of multiple facilities which are driven by the on-off actuators in greenhouse, especially when more than one indoor environmental factor needs to be considered together. We proposed a switching control strategy based on prediction model, with the consideration of indoor air temperature and relative humidity. At first, the operation of greenhouse system was divided into several modes according to the on-off control characteristic of facilities. Then for each current mode, the operating modes which the greenhouse is likely to enter into at the next moment are listed in different conditions of indoor air temperature and humidity. When the two indoor environmental factors reach the upper or lower limits, we use the IARX models to predict them over a specified horizon for each optional mode respectively. The mode switch is achieved based on the prediction results. The simulation results show that the facilities can be controlled coordinately very well and the proposed control strategy is easy to implement. The control strategy is still applicative when there are more facilities or more indoor environmental factors needed to be taken into account.
factors, such as the indoor and outdoor air temperature, the upper and lower limits. The rules are complex, but they are still defective. First of all, the solar radiation is not taken into account in the rules, although it has great influence on the indoor air temperature. Secondly, only the indoor air temperature is considered, while the other indoor environmental factors are not. The relative humidity is another important factor. Too high relative humidity tends to breed fungal diseases and damage crop flowering and pollination; while too low relative humidity leads to plant water stress [17] . However, it's difficult to design the switching rules in accordance with the above ideas, when the indoor air temperature and relative humidity are considered together.
In order to solve the above problem, we proposed a switching control strategy based on prediction model. We constructed the prediction models of indoor air temperature and relative humidity in each operating mode, with the outdoor environmental factors as inputs of the models. When the indoor air temperature or relative humidity reaches the upper or lower limits, the models are used to predict the two indoor environmental factors over a specified horizon. The prediction results reflect the influence of outdoor environmental factors, so the design of switching rules based on the prediction results can be simplified significantly.
The paper is organized as follows. In Section 2, the proposed switching control strategy is described at first. Then the prediction models of indoor air temperature and humidity are introduced. At last, the proposed control strategy is verified by using a simulation model of greenhouse microclimate.
In Section 3, the simulation results are introduced and discussed. The conclusions have a guiding significance for future use of the new control strategy in practice. The paper is concluded in Section 4.
Materials and Methods

Switching control strategy
The V-type glass greenhouse used widely in south China is taken for example in this research. Four common kinds of facilities are taken into account, i.e., roof windows, fans, a wet pad and external shading net. Assume that they are all driven by the on-off actuators, which is in accordance with the actual situation of many greenhouses. According to the first three kinds of facilities, the operation of greenhouse system is divided into three modes, i.e., natural ventilation mode, mechanical ventilation mode and pad-fan cooling mode. When all the facilities don't work, the operating mode is called passive mode in this paper. The operation process of greenhouse system can be regarded as a switching one among the four modes, and the greenhouse is in only one of the four modes at any time. For the fourth facility, the state of shading net mainly depends on the solar radiation intensity, having little containment relationship with the above four operating modes. Therefore, the shading net is folded or unfolded, no matter that the greenhouse is in any one operating mode. The switching control system of greenhouse is shown as Fig. 1 . The outdoor environmental factors have great influence on the indoor air temperature and relative humidity, so they are inputted to the controller to facilitate the design of switching rules. Fig.1 The switching control system of greenhouse The growers set the ranges of temperature and relative humidity in practice, according to the crop species and their growth stages. When the indoor air temperature or relative humidity exceeds its range, it's necessary to switch from current mode to another, in order to adjust the temperature or relative humidity back. The operating mode that will be switched to at the next moment is usually different, if the current mode is different. For example, if the current mode is passive mode, the greenhouse will enter into one of the other three modes when the indoor air temperature exceeds the upper limit; while if the current mode is mechanical ventilation, the only one mode that may be switched to is pad-fan cooling. In order to realize the reasonable switching among different modes, a new control strategy is proposed. The control strategy includes two steps. In the first step, we listed the optional operating modes in different conditions of indoor air temperature and relative humidity for each current mode by experience, shown as Tab.1. The possible conditions of indoor air temperature and relative humidity are listed in the first column on the left, divided into five cases. The current modes are in the first line on the right. All the optional modes that the greenhouse may enter into at the next moment are in the lower right. We use T in and RH in to denote the indoor air temperature and relative humidity respectively. The letter H is used to represent that the indoor air temperature or relative humidity is above the upper limits; while the letters L and M are used to represent them are within the set ranges and below the lower limits respectively. The four marks, i.e., PM, NV, MV and PF, represent passive mode, natural ventilation mode, mechanical ventilation mode and pad-fan cooling mode respectively.
Tab.1 Mode switching table
Besides current modes, the mode switch is also related to the outdoor environmental factors. In different weather conditions, the same operating mode may have different functions. For example, natural ventilation and mechanical ventilation are usually used for cooling and dehumidification, but they can't be used for cooling in hot weather and can't be used for dehumidification on rainy days. The changeable weather makes it difficult to design the switching rules. In order to simplify the design, we decide to take the outdoor environment factors as inputs and construct the prediction models of indoor air temperature and humidity in each operating mode. The prediction results can reflect the influence of outdoor environmental factors, so it will be simple to design the switching rules. We will introduce the prediction models especially in Section 2.2. Now we focus on the design of switching rules, which is exactly the second step is about to do.
Some mode switches have more than one mode to choose in Tab.1, while some just have only one.
For the first case, when indoor air temperature or relative humidity exceeds the set ranges, the models in each optional mode are used to predict over a specified horizon respectively. If there is only one mode in which the prediction results are within the set ranges, the greenhouse will enter into this mode directly at the next moment; while if there are two modes, the following two principles should be followed in the mode switching process.
(1) Priority principle of natural ventilation mode. Natural ventilation mode will be selected without considering other operating modes, as long as the prediction results in this mode are within the set ranges. The first reason is that there is little energy consumed in natural ventilation mode, which is an advantage over mechanical ventilation mode and pad-fan cooling mode. Another one is that the indoor environmental factors changes slowly in natural ventilation mode because the indoor and outdoor mass and energy exchange well, which is helpful to reduce the switching times of operating modes.
(2) Minimum deviation principle. Except for natural ventilation mode, if there is more than one optional mode in which the prediction results are within the set ranges, the minimum deviation principle will be used. The steady-state prediction results can be obtained by using the models, because the outdoor environmental factors change little in a short time. The deviation between the prediction results and the set averages can be reflected by Eq.(1). The operating mode with the minimum deviation will be chosen.
( )
where the letter k denotes the current time instant; N the length of prediction horizon;
T pred (k+N|k) and RH pred (k+N|k) the predicted values of temperature of relative humidity at the time instant k+N; T h and RH h the upper limits; T a and RH a the set averages; a a weight coefficient with the value range (0-1), and is set to 0.5 in this research. If the prediction results in all optional modes are not within the set ranges, we use the minimum deviation principle to select the suitable mode directly.
For the second case that some mode switches just have only one optional mode, the switching rules are described as follows. If the optional mode is passive mode, just as shown in the last row in Tab.1, the greenhouse will enter into this mode when the indoor air temperature reduces to the lower limit. If the optional mode is not passive mode, whether or not the greenhouse enters into the optional mode depends on the prediction results. If the predicted values in the temperature sequence {T pred (k+i|k), i=1,…, N} and the relative humidity sequence {RH pred (k+N|k), i=1,…, N } exceed the set ranges very soon, it is not necessary to switch the operating modes; otherwise, it can.
Prediction models of indoor air temperature and humidity
It's important to construct the prediction models of indoor air temperature and relative humidity in all operating modes. At present, there are three kinds of prediction models, i.e., mechanistic model [18, 19] , ARX model [20, 21] and neural network model [22] . The ARX model is simpler and has smaller computational burden than the other two kinds. We have constructed the temperature prediction models in different operating modes based on the analysis of mechanistic models, called IARX model (
where ΔT i (k+1) denotes the difference of indoor air temperature at the time instants k+1 and k; ΔT oi (k) the difference of outdoor and indoor air temperature at the time instant k; ΔT pi (k) the difference of indoor air temperature and that of the wet air that just passes through the pad at the time instant k; Q rad (k) the solar radiation intensity at the time instant k; α 1 , β 1 , γ 1 and ε are all coefficients. 
where Δρ iwv (k+1) denotes the difference of indoor water vapor density at the time instants k+1 and k;
Δρ oi (k) the difference of outdoor and indoor water vapor density at the time instant k; α 2 , β 2 and γ 2 are all coefficients. The coefficient γ 2 is related to the slow-changing physical quantities, such as long wave radiation, etc. The recursive identification will be adopted to update the model coefficients in time to keep good predictive accuracy, so the coefficient γ 2 is regarded as constant.
The variable that can be directly measured is relative humidity, not water vapor density, so it's necessary to achieve the conversion between the two physical quantities. The related calculation formulas are as follows [24] . When the indoor air temperature and relative humidity are predicted at the time instant k+i (i>1), it is necessary to provide the data of relevant environment factors at time k+i-1. However, the environmental data at future time instants are unknown in practice. We will adopt the lazy man weather prediction method [25] , in which the outdoor environmental factors remain unchanged over a specified horizon. The prediction method is effective when the horizon is not too long.
Simulation experiment
We have constructed a mechanistic model of V-type glass greenhouse microclimate [26] , and we will use it to simulate the proposed control strategy. The mechanistic model is described as follows:
. .
where ρ a denotes the air density(g/m ); E tran (t) the water vapor density produced by crop transpiration (g/s); E nv (t) the loss of water vapor density caused by natural ventilation (g/s); E mv (t) that caused by mechanical ventilation (g/s); E pf (t) that caused by pad-fan cooling (g/s); E cond (t) that caused by water vapor condensation on the inner surface of cover layer (g/s); x j (j=1, 2, 3) decision variables and have values of either 0 or 1 (0 denotes OFF and 1 ON).
There is at most one decision variable with the value 1 at any time, according to the operating process of greenhouse described in section 2.1.
It's found that the bandwidth of 8°C has little effect on the indoor rose crop [27] , so the temperature range is set to 22°C-30°C in this simulation. Because the indoor relative humidity is not high when the mechanistic model is verified [26] , the range is set to 40%-70%. The thresholds are also set for the shading net. The net is unfolded when the solar radiation intensity exceeds 420 W/m 2 , and folded when it reduces to 400 W/m 2 . The light transmission of the shading net is set to 50%. It's found that the indoor temperature and humidity have stabilized after the greenhouse enters into another operating mode for ten minutes [23] , so the prediction horizon is set to ten minutes. We select a sunny day, April 22, 2014 in Nanjing area and the simulation period is set to 7:30-16:30.
The prediction models should be identified before use, so the following settings are made. At the beginning, the greenhouse is in passive mode. When the indoor air temperature exceeds the upper limit for the first time, the greenhouse enters into natural ventilation mode; for the second time and the third time, the greenhouse enters into mechanical ventilation mode and pad-fan cooling mode respectively.
The data of environmental factors is obtained in the four operating modes and used to identify the IARX models. Then the identified models are used in the next simulation experiment. The recursive identification is adopted to update the model coefficients in time. The sampling period is set to 30s in order to obtain sufficient environmental data in a short time for model identification. The simulation of the control strategy is programmed in Matlab software.
Results and discussion
The switching process of the four operating modes in the above simulation is shown in Fig.2 . The time frame that the shading net was unfolded is also plotted in the figure. The dynamic behaviors of indoor air temperature and relative humidity are shown in Fig.3 and Fig.4 respectively. When the indoor temperature reached the upper limit for the first three times, the greenhouse experienced natural ventilation mode, mechanical ventilation mode and pad-fan cooling mode in turn, with the purpose to obtain enough environmental data for model identification, just as that set in the simulation. The simulation results indicate that the operating modes can be switched reasonably by the new control strategy, and the indoor air temperature and relative humidity are also controlled very well. The prediction models reflect the influence of outdoor environmental factors on indoor air temperature and humidity, so the prediction results change with the outdoor environmental factors. The mode switch is realized based on the real-time prediction results, so the proposed control strategy has an adaptive ability, compared with that with fixed switching rules. Although both indoor air temperature and relative humidity are considered together, the new control strategy is still simple to implement. If more indoor environmental factors are considered, such as CO 2 , the new control strategy is still applicable, as long as the prediction models of all environmental factors in each operating mode are constructed. Generally, the more the indoor environment factors are considered, the more frequently the operating modes are switched, which is also proved by the simulation results. In the later period of the simulation process, the greenhouse entered into pad-fan cooling mode for several times, because the relative humidity was too low. If only one indoor environmental factor is considered, such as indoor air temperature, the switching times of operating modes will be less.
In order to protect the facilities, the operating modes should not be switched too frequently. In this simulation, the pad-fan cooling mode is the only way to increase the indoor relative humidity. When the mode is used to increase the indoor relative humidity, the indoor air temperature will reduce significantly, which may increase the switching times of operating modes. It will be better if there is a humidifier installed in the greenhouse. The influence of operating modes and shading net can also be analyzed qualitatively by Fig.2-Fig.4 . Therefore, the simulation results provide a reference for the installation of facilities. If there are other facilities in the greenhouse besides that adopted in the simulation, the proposed control strategy is also applicable, as long as the operating modes are correctly re-divided and the prediction models of indoor environmental factors in each mode are constructed.
The set ranges of indoor air temperature and relative humidity also have a great influence on the switching times of operating modes, besides the indoor environmental factors and facilities considered in this simulation. We only revised the range of relative humidity from 40%-70% to 50%-80%, and repeated the above simulation. The results are shown in Fig.5-Fig.7 . The switching times of operating modes increases significantly, because the greenhouse has to enter into the pad-fan cooling mode for many times to increase indoor relative humidity, which also leads to the frequent fluctuations of indoor air temperature and relative humidity. Therefore, it is necessary to consider many factors, such as facilities, crop species, etc., in order to set the appropriate ranges of temperature and humidity. 
Conclusion
When more than one indoor environmental factor is considered together, it's difficult to achieve the coordination control of multiple facilities driven by the on-off actuators in greenhouse. We divided the operation of greenhouse system into several modes and proposed a switching control strategy based on prediction model. The simulation results indicate that the new control strategy has a good adaptive ability and can achieve the coordination control of multiple facilities very well. The proposed control strategy is still applicable even if more indoor environmental factors are considered or more facilities are installed in the greenhouse. Therefore, the proposed control strategy has a good universality.
